Objectives: To investigate the independent and joint associations of hyperhomocysteinemia and hypertension with incident stroke and stroke death in Chinese adults. Methods: About 39,165 rural Chinese adults aged 35 years or older who had no history of stroke at the baseline study were prospectively followed to determine major cardiovascular events, with an average follow-up of 6.2 years. Using a nested case-control design, this report includes 179 incident stroke cases (121 stroke deaths) and 179 controls without vascular events from the original cohort matched by age, sex, community, and length of plasma storage. Baseline plasma total homocysteine (tHcy) measurements were obtained for all subjects. Logistic regression analysis was performed to investigate the independent and joint associations between H-type hypertension, defined as subjects with concomitant hypertension and elevated homocysteine (≥10 μmol/L), and risk of incident stroke and stroke death, after adjusting for important covariates. Results: We analyzed each risk factor independently and jointly. For analysis, homocysteine was divided into three groups: low (tHcy <10 µmol/L), moderate (≥10 µmol/L tHcy <20 µmol/L), and high (tHcy≥20µmol/L). Compared to subjects in the low group, the odds ratios (95% CI) of incident stroke for those in the moderate group and the high group were 1.7 (0.8-3.7) and 3.1 (1.2-8.6), respectively. The odds ratios (95% CI) of stroke death for the moderate and high groups were 2.8 (1.1-7.4) and 5.1 (1.6-16.4), respectively. Hypertension was also independently associated with a higher risk of incident stroke and stroke death: 3.8 (2.3-6.4) and 3.2 (1.8-6.0), respectively, compared to those without hypertension. When analyzed jointly, the highest risk was found among patients with H-type hypertensive with both hyperhomocysteinemia and hypertension: 12.7 (2.8-58.0) for incident stroke and 11.7 (2.5-54.7) for stroke death. Conclusions: This study provides strong evidence that hyperhomocysteinemia and hypertension are two independent, modifiable risk factors, which act additively to increase the risk of incident stroke and stroke death. The results strongly suggest that H-type hypertension is a major risk factor for vascular disease and mortality, and those with H-type hypertension may particularly benefit from homocysteine-lowering therapy along with anti-hypertension therapy in Chinese populations.
INTRODUCTION
A number of epidemiologic and clinical studies have suggested that homocysteine (Hcy) levels are associated with vascular diseases including coronary artery disease (CAD), peripheral artery disease, and stroke [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, results have been conflicting because some reports have shown a negative association between elevated plasma Hcy levels and stroke subtypes [12] [13] [14] [15] . It is well known that the conclusions from several
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well-established meta-analyses [16] [17] [18] that found an association between moderate elevation of Hcy levels and increased risk of vascular disease were mostly based on findings from studies of a cross-sectional or retrospective casecontrol design. Thus, it is difficult to determine the extent to which hyperhomocysteinemia (elevated Hcy levels) may be a precursor to or a consequence of vascular disease. Furthermore, most previous studies were conducted in western populations; it remains to be determined whether the associations found in western populations can be applied to Chinese populations. To date, only three prospective studies on Asian populations [12, 13, 19] have assessed the association between plasma Hcy levels and vascular disease risk, but their conclusions are controversial. More importantly, no prospective study has assessed the interaction effect of hyperhomocysteinemia on other established risk factors that may affect pathogenesis and development of vascular events. For example, hypertension is a well-established risk factor for vascular disease [20] [21] [22] [23] [24] ; however, previous studies have not examined the potential interaction between hyperhomocysteinemia and hypertension in the occurrence and development of vascular disease.
This study, using a nested case-control design, was designed to investigate the independent and joint associations of hyperhomocysteinemia and hypertension with incident stroke and stroke death in a large cohort of Chinese adults aged 30 years or older (n = 39,165), prospectively followed for an average length of 6.2 years.
METHODS

Subjects
A total of 39,165 subjects participated in an epidemiologic study of chronic diseases, conducted from 1995 to 2005 in nine communities of Anqing, Anhui Province, China. The study protocol was approved by the Ethics Committee of the Biomedical Institute of Anhui Medical University, China. Written informed consent was obtained from each study subject. Residents from one of the nine communities who were aged 35 years or older were eligible to participate in the study. Subjects were excluded if they had a history of severe chronic cardiac failure, coronary heart disease, myocardial infarction, acute coronary syndrome, severe cardiac arrhythmia, unstable angina, stroke, renal insufficiency, impaired liver function, or tumor. Subjects who were pregnant or lactating were also excluded.
Baseline data collection
Local village doctors assisted with subject recruitment. Subjects were invited to the study center and stayed there overnight before the baseline study. All subjects fasted overnight, and the following morning each completed the following procedures. Between 7 and 8 AM, a sample of antecubital venous blood was drawn into an EDTA (ethylenediaminetetraacetic acid) blood collection tube. Blood pressure was recorded in the morning (after at least 8 h of supine rest) by two auscultation apparatuses simultaneously. A standardized questionnaire interview was then conducted to obtain information on age, gender, smoking habit, alcohol drinking, and relevant family medical history such as angina pectoris, hypertension, diabetes mellitus, myocardial infarction, premature coronary heart disease (documented coronary heart disease in at least one first-degree relative before the age of 55 years for men or 60 years for women), noncardiovascular diseases, drug treatment, and adherence to a lipid-lowering diet. Anthropometric parameters such as height and weight were measured using standardized methods on the same day.
Follow-up and definition of vascular end points
Subjects who participated in the baseline study were resurveyed with a mean follow-up interval of 6.2 years. With assistance from local village doctors, subjects received a follow-up visit where a second standardized questionnaire interview was conducted on each subject by trained research staff to obtain information on vascular end points, including angina pectoris, hypertension, diabetes mellitus, myocardial infarction, cardiogenic sudden death, renal insufficiency, and stroke, as well as type of hospital that made the diagnosis. Follow-up data was completed for 39,036 subjects, and 129 subjects were lost to follow-up because of relocation.
This report focuses on incident stroke and stroke death. Incident stroke was defined as a new stroke case occurring during the follow-up period, based on well-established physician diagnosis. Stroke death was defined as a death occurring during the follow-up period with stroke as the underlying cause of death, based on well-established physician diagnosis. Unfortunately, the distinction between cerebral infarction and cerebral hemorrhage could not be made because of a lack of imaging data for all stroke cases.
Over the course of follow-up, there were a total of 251 incident strokes (including 175 stroke deaths) identified from this cohort. This report includes 179 incident stroke cases (121 stroke deaths) who had both complete data and a baseline blood sample for the Hcy assay. The remaining 72 cases of incident stroke were excluded because of the lack of baseline blood samples. We selected 179 controls without any vascular events from the same cohort. The controls were matched to the stroke cases by age, gender, resident community, and length of plasma storage time. A sampling diagram of the study population is shown in Figure 1 . We examined the baseline characteristics between the stroke cases (n = 179) included in the analyses and the stroke cases excluded from the analysis (n = 72) because of the lack of baseline blood sample and found the two groups to be comparable at baseline in terms of age, gender, and body mass index (BMI) distribution (data not shown).
Laboratory assays
Plasma was separated from blood cells by centrifuge at 4°C (3000g for 10 min) within 15 min of sample collection and stored in a -80°C freezer until analysis. Fasting blood glucose, serum total cholesterol and triglycerides, highdensity lipoprotein, and low-density lipoprotein were measured within 2 h of sample collection using standard reagents and the same automatic biochemistry analyzer. All laboratory analyses were carried out by technicians who were blinded to the subjects' clinical status.
Plasma total homocysteine (tHcy), including free, bound, reduced, and oxidized forms of Hcy in the blood, was measured by high-performance liquid chromatography with fluorescence detection. [11] The assay was performed under the following conditions: (1) chromato bar: Dima C18 (4.6×150mm,5µm); (2) mobile phase: 0.07 mol/L, acetic acid buffer solution (containing 2% methanol); (3) flow rate: 0.8 mL/min; (4) sample size: 15 µL; (5) column temperature: 25°C; (6) analysis time: 15 min; (7) fluorescence detection condition: excitation wavelength 390 nm, emission wavelength 470 nm, and photomultiplier tube (PMT) of 12. All the technological indexes such as precision, recovery rate, stability, sensitivity, and linear range met the criteria for biological sample detection.
Statistical analysis
The primary endpoint of this report is incident stroke. In addition, stroke death was analyzed similarly. The key predictors of interest are baseline plasma tHcy levels and blood pressure. Both were analyzed as continuous and categorical variables. Because the distribution of plasma tHcy was skewed, it was logarithmically transformed in the analysis. Geometric means are presented in Table 1 . On the basis of the exploratory analysis of the relationship between tHcy levels and incident stroke and stroke death, three categories of plasma tHcy levels were used in the analysis: low (<10 µmol), moderate (≥10 µmol but <20 µmol), and high (≥20 μmol). The cutoff tHcy level of <10 μmol is recommended by the American Heart Association and the American Stroke Association Council on Stroke [25, 26] .
Hypertension was used as a binary variable (yes/no) and defined as diastolic blood pressure (DBP) ≥90 mmHg and/ or systolic blood pressure (SBP) ≥ 140 mmHg. Student's t and chi-squared tests were used to assess differences between cases and controls among major baseline characteristics, including baseline plasma tHcy levels and SBP and DBP. Multiple logistic regression was used to examine the associations of blood pressure [reported as hypertension (yes/no)] and plasma tHcy levels (reported as categories: low (<10 µmol/L), moderate [≥10 µmol/L but <20 µmol/L), and high (≥20 μmol/L)] with the odds of stroke (incident stroke or stroke death). The dose-response relationship between tHcy levels and incident stroke and stroke death was further examined by analyzing tHcy level as a continuous variable and performing a linear trend test.
Finally, subjects with concomitant hypertension and elevated Hcy (≥10 μmol/L) were defined as having H-type hypertension [27] . When analyzing tHcy as a binary variable [normal (tHcy < 10 µmol/L)/high (tHcy ≥ 10 µmol/L)], we simultaneously included high plasma tHcy and hypertension as well as an interaction term in the model to examine if they interactively increased the risk of stroke. We also examined the joint effects of H-type hypertension on the risk of stroke by comparing four groups: (1) normal blood pressure/normal tHcy (tHcy < 10 μmol/L) as the reference group, (2) normal blood pressure/high tHcy, (3) high blood pressure/normal tHcy, and (4) high blood pressure/high tHcy.
We presented the results with and without adjustment for major covariates including age, gender, BMI, smoking, alcohol drinking, fasting blood lipids, fasting blood glucose, and blood pressure levels. Two-sided P values of <0.05 were chosen to indicate statistical significance. The analyses were performed with SAS software, version 8.0 (SAS Institute), and SigmaPlot for Windows, version 10.0 (Systat Software, Inc).
RESULTS
Baseline characteristics of cases and controls
The baseline characteristics of the study participants by incident stroke and stroke death are presented in Table 1 . For both endpoints, mean tHcy levels and prevalence of hypertension were significantly higher among cases than among controls. There were no significant differences .001 †Multivariable logistic models adjusted for age, gender, body mass index, smoking, alcohol drinking, fasting blood lipids, fasting blood glucose, and tHcy levels. ‡Normal blood pressure is defined as systolic blood pressure of <140 mmHg and diastolic blood pressure of <90 mmHg; hypertension is defined as systolic blood pressure of ≥140 mmHg and/or diastolic blood pressure of ≥90 mmHg. High blood pressure is defined as systolic blood pressure of ≥140 mmHg and/or diastolic blood pressure of ≥90 mmHg; normal blood pressure is defined as systolic blood pressure of <140 mmHg and diastolic blood pressure of <90 mmHg; ‡ ‡ Normal tHcy level is defined as tHcy of <10 μmol/L, high tHcy level is defined as tHcy of ≥10 μmol/L. between cases and controls in other known risk factors for vascular disease including age, gender, BMI, smoking, alcohol drinking, fasting blood glucose, and dyslipidemia.
Plasma tHcy and stroke
As shown in Table 2 , the odds of incident stroke and stroke death increased with higher levels of tHcy. After adjustment for the major covariates including blood pressure, and using the low tHcy group as the reference, the odds ratios (ORs) [95% confidence interval (CI)] for the moderate and high tHcy groups, respectively, were 1.7 (0.8-3.7) and 3.1 (1.2-8.6) for incident stroke and 2.8 (1.1-7.4) and 5.1 (1.6-16.4) for stroke death. There was also a significant linear trend for incident stroke (P < 0.005) and stroke death (P < 0.001), suggesting a dose-response relationship. Table 3 shows that the odds of incident stroke and stroke death were significantly higher among subjects with hypertension relative to those with normal blood pressure. After adjustment for the major covariates including baseline tHcy level, the ORs (95% CI) were 3.8 (2.3-6.4) for incident stroke and 3.2 (1.8-6.0) for stroke death.
Blood pressure and stroke
Joint associations of plasma tHcy levels and hypertension with stroke
Subjects with concomitant hypertension and elevated Hcy (≥10 μmol/L) were defined as having H-type hypertension. Table 4 shows the joint associations of plasma tHcy levels and hypertension with the odds of incident stroke and stroke death. After adjustment for the major covariates and using normal blood pressure/normal tHcy as the reference group, the odds of incident stroke were elevated in subjects with high tHcy levels but normal blood pressure [3.5 (0.7-16.5)] and in subjects with hypertension but normal tHcy levels [9.7 (1.7-56.4)]. Of note, the highest odds were found among subjects with H-type hypertension, that is, with both high tHcy (tHcy ≥ 10 mmol/L) and hypertension [12.7 (2.8-58.0)]. A similar pattern was found for stroke death.
Finally, to test for potential interaction, we simultaneously included plasma tHcy (both as a categorical and continuous variable) and hypertension as well as an interaction term in the model. Our results indicate that there is no significant interaction between plasma tHcy and hypertension on the risk of stroke and stroke death. However, plasma tHcy and hypertension appear to act additively on a multiplicative scale to increase the risk of stroke and stroke death.
DISCUSSION
Our study addresses two important questions that have not been well examined in previous studies, that is, whether hyperhomocysteinemia and hypertension each independently contribute to incident stroke and stroke death and whether they synergistically increase the risk of incident stroke and stroke death in a Chinese population. Using a nested case-control design from a large prospective cohort, we found that hyperhomocysteinemia and hypertension were independent risk factors of incident stroke and stroke death. Furthermore, subjects with both risk factors had the highest risk of incident stroke and stroke death, while subjects with neither risk factor had the lowest risk. The joint association of hyperhomocysteinemia and hypertension with incident stroke and stroke death appears to be additive on a multiplicative scale.
Our findings are consistent with published literature. For example, Nygard et al. [3] prospectively investigated the relation between plasma tHcy levels and mortality among 587 patients with angiographically confirmed CAD. They found that the 5-year survival rate for patients with hyperhomocysteinemia was significantly lower than that for patients with normal Hcy levels. Wald et al. [6] conducted a meta-analysis on data from 26 studies, with 176,186 subjects and 3,820 vascular disease events in total. Their findings provided strong support that the association between homocysteine and cardiovascular disease is causal. Furthermore, their findings concluded that by increasing folic acid intake and thereby lowering Hcy concentrations by 3 mmol/L from current levels, the risk of ischemic heart disease was reduced by 16% (11-20%), deep vein thrombosis by 25% (8-38%), and stroke by 24% (15-33%). [6] Recently, a meta-analysis of nine prospective observational studies [28] composed of 13,284 participants provided convincing evidence that the pooled risk ratios (RRs) of ischemic stroke, hemorrhagic stroke, and recurrent stroke when comparing the group with the highest Hcy level to the group with the lowest Hcy level were 1.69 (95% CI: 1.29-2.20) , 1.65 (95% CI: 0.61-4.45), and 1.76 (95% CI: 1.37-2.24), respectively. Their conclusive findings showed that elevated Hcy levels are associated with an increased risk for ischemic stroke and recurrent stroke but had no distinct association with hemorrhagic stroke. Likewise, essential hypertension is a well-recognized and prevalent risk factor for cardiovascular disease including stroke [4, 29, 30] . While previous studies have shown that hyperhomocysteinemia and hypertension often coexist [9, [31] [32] [33] , their joint or interactive association with stroke has not been well examined.
Our findings have important clinical and public health implications. First, our prospective data suggest that elevated tHcy is an independent risk factor for incident stroke and stroke death in the Chinese population. In a similar study with the Japanese population, a prospective, nested, case-control study of 11,846 subjects 40-85 years of age was conducted [12] . Consistent with our study, their findings showed that the multivariate ORs (95% CI) for highest versus lowest quartiles of Hcy after adjustment for important multiple confounding factors were 2.99 (1.51-5.93) for total stroke, 3.89 (1.60-9.46) for ischemic stroke, 3.36 (1.27-8.90) for lacunar infarction, and 1.63 (0.44-6.00) for hemorrhagic stroke. However, their data did not exhibit an interactive effect for smoking status, hypertensive status, or hyperhomocysteinemia on ischemic stroke risk. Two similar community-based prospective cohort studies were performed in the Chinese populations [13, 19] . The first was a 12-year prospective cohort study [13] , which found that participants with Hcy of >9.47 μmol/L had a 2.3-fold risk for cardiovascular events (1.24-4.18) and participants with Hcy of >11.84 μmol/L had a 2.4-fold risk for all-cause death (1.76-3.32); however, Hcy was not significantly related with risk for stroke. The second study was a large prospective cohort of stroke patients with secondary vascular events and mortality [19] , which found that when comparing highest and lowest quartile categories, a high Hcy concentration was associated with a 1.74-fold increased risk for stroke recurrence (1.3-2.3) and a 1.75-fold increased risk for all-cause mortality (1.3-2.4). Most recently, a population-based, prospective cohort study among 5,935 participants from 60 communities in the city of Shenzhen, China [34] , showed that the hazard ratios (95% CI) of ischemic stroke associated with hyperhomocysteinemia (tHcy ≥ 15 μmol/L) were 2.18 (1.65-2.89) in the total participants, but no risk was shown for coronary heart disease susceptibility. Worldwide, hyperhomocysteinemia is prevalent across populations. For example, in the original Framingham Heart Study cohort aged 67-96 years, Selhub et al. [35] found that about 19% of participants' plasma Hcy was higher than 16.4 with levels increasing as subject age increased. A published study of the Chinese population aged 35-64 years showed the prevalence of hyperhomocysteinemia (tHcy ≥ 16 mmol/L) in this population to be 17.7% (25.9% in males and 9.9% in females) [36] . Second, our data shows that hypertension is an independent risk factor for stroke and acts additively with hyperhomocysteinemia to increase the risk of stroke. As with hyperhomocysteinemia, hypertension is highly prevalent in Chinese populations. According to a recent national survey, at least 18.8% of Chinese adults are hypertensive [37] . Third, given our study's findings, for primary stroke prevention in the Chinese population, it would be prudent to reduce the prevalence of hyperhomocysteinemia and hypertension in this population. In a previous meta-analysis conducted by Wang et al. [38] , we showed an inverse trend between Hcy reduction and RR of stroke. The observed dose-response relationship provides further evidence that Hcy reduction may be one effective way to reduce stroke risk.
In interpreting our findings, one important limitation needs to be addressed. We were unable to distinguish stroke type because of the lack of imaging data. The proportion of hemorrhagic versus ischemic stroke could influence the stroke death rate. The relatively high rate of mortality because of stroke in this population suggests this cohort may have experienced a high proportion of hemorrhagic stroke [39] . In summary, this large-scale prospective study investigated the independent and joint associations of plasma Hcy levels and hypertension with incident stroke and stroke death in Chinese adults. This study provides strong evidence that H-type hypertension is comprised of two independent, modifiable risk factors, which act additively to increase the risk of incident stroke and stroke death. Our data suggest that those with H-type hypertension in the Chinese population may particularly benefit from Hcy-lowering therapy along with standard antihypertensive therapy.
